Background: There has been increasing interest in coalescent models which admit multiple mergers of ancestral lineages; and to model hybridization and coalescence simultaneously.
Species trees may also fail to be bifurcating due to either polytomies or hybridiza-23 tion events. The simulation of gene genealogies within a species network which ad-24 mits hybridization is another application of Hybrid-Lambda. The package ms [24] can 25 also simulate gene genealogies within species networks under Kingman's coalescent. 26 However the input of ms is difficult to automate when the network is sophisticated 27 or generated from other software. Other simulation studies using species networks 28 have either used a small number of network topologies coded individually (for ex- 29 and 1, then we use ψ for the coalescent parameter, and the rate λ b,k at which k out 57 of b (2 ≤ k ≤ b) active ancestral lineages merge is
[9]. If the coalescent parameter is between 1 and 2, then we use α for the coalescent 59 parameter, and the rate of k-mergers
Results and Discussion 74 Hybrid-Lambda outputs simulated gene trees in three different files: one contains 75 gene trees with branch lengths in coalescent units, another uses the number of 76 generations as branch lengths, and the third uses the number of expected mutations 77 as branch lengths.
78
Besides outputting gene tree files, Hybrid-Lambda also provides several functions 79 for analysis purposes:
80
• user-defined random seed for simulation,
81
• output simulated data in 0/1 format assuming the infinitely many sites mu-82 tation model,
83
• a frequency table of gene tree topologies,
84
• a figure of the species network or tree (this function only works when L A T E X or 85 dot is installed) (Fig. 2 Here we show analytic calculations that can be used to obtain expressions for F ST when mutation rates are low. 263 The effect of α on F ST for fixed generation times is shown in Figure 4 . 264 Assume two populations A and B have been isolated until time τ in the past as measured from the present. 265 Assume also that the same coalescent process is operating in populations A and B. Let Tw denote the time until 266 coalescence for two lines when drawn from the same population, and T b when drawn from different populations. Let 267 λ A denote the coalescence rate for two lines in population A, and λ AB for the common ancestral population AB.
268
For the Beta(2 − α, α)-coalescent, λ A = 1, for the point-mass process λ A = ψ 2 . One now obtains 269
Slatkin (1991) obtained the approximation, where µ is the per generation mutation rate,
Thus, using (3) gives
The result (5) seems to make sense, since limτ→0 F where Hw is the average pairwise 278 differences within populations, Hw = 1 2 (Hw,1 + Hw,2), and H b is the average of n 2 pairwise differences between 279 populations.
280
The following command-line argument for Hybrid-Lambda simulates 1000 genealogies with 10 lineages sampled 281 from each of two populations separated by one coalescent unit with mutation rate µ = 0.00001 using a 282 β-coalescent with parameter α = 1.5: • -num 1000 simulates 1000 genealogies from this model.
289
• -seed 45 initializes the random seed for the simulation.
290
• -mu 0.00001 specifies the mutation rate of 0.00001 per generation.
291
• -S 10 10 samples 10 individuals from each population.
292
• -mm 1.5 specifies the Λ-coalescent parameter.
293
• -sim num mut outputs simulated genealogies in Newick string, of which the number of mutations on internal 294 branches are labelled.
295
• -seg generates haplotype data set.
296
• -fst computes F ST of the generated haplotype data set. 297 One can use this example to generate the data for Figure 4 by setting the -S flag to -S 1 1.
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Migration refers to modeling post-speciation gene flow. ((a 1 ,a 2 ,a 3 ),c 1 ),(b 1 ,c 2 ,d 1 )), of which the coalescence events pointed to by arrows labelled "multiple merger" indicate coalescence of 3 lines, simulated in a species network with topology ( (((B,C) s1)h1#H1,A)s2,(h1#H1,D)s3)r, where H1 is the probability that a lineage has its ancestry from its left parental population. Values of F ST as a function of the parameter α for 1 < α < 2 for different numbers of generations of separation for two populations. Simulations (dotted lines) are based on 1 individual from each of two populations separated by t generations with 10 3 replicates and α ∈ {1.1, 1.2, . . . , 1.9}. Analytical predictions (solid lines) of F ST were calculated using (6).
